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Abstract − We have investigated the nonlinear microwave properties of electron-beam coevaporated 
YBa2Cu3O7-x films on MgO, using stripline resonators at 2.3 GHz and temperatures 1.7-80 K. The 
oxygen content of the films ranged from strongly underdoped to overdoped. Above 20 K, the non-
linear response of the resonators was dominated by the superconductor. We could establish clear 
correlations between the nonlinear surface resistance, two-tone intermodulation (IMD), and oxygen 
content of the films, which indicate that the superconducting order parameter is important for the 
nonlinearities. An exponential rather than a power-law representation of the nonlinear current-
voltage relation would be required to explain our results phenomenologically. Below 20 K, the 
dielectric loss tangent of MgO dominated the nonlinear response of the resonators. With increasing 
power, the dissipation losses decreased markedly, accompanied by enhanced IMD. The surface 
reactance passed through a shallow minimum at about 5 K, independent of power. We attribute 
these effects to resonant absorption by impurity states in MgO. 
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1. INTRODUCTION 
While passive high-temperature superconductor (HTS) microwave devices are finding applications 
in systems for wireless communication, signal recognition, and medical diagnostics [1], the 
nonlinear surface impedance Zs(Irf) and third-order intermodulation distortion (IMD) limit wider 
application. This limitation applies especially to resonant devices in which the oscillating power 
Posc is high, due to, e.g., enhanced group delay, high quality factors, or high operating power [2]. 
Understanding and controlling the nonlinear microwave response of HTS films is, therefore, impor-
tant for narrowband, sharp cut-off, receive filters, which are susceptible to intermodulation, and 
high-power transmit filters, which suffer from power-dependent absorption. The sources of 
nonlinear Zs and IMD, while related, are not well understood at present. In addition, the possible 
contribution of the substrates to the nonlinear response has been widely neglected until recently [3], 
although the dielectric loss tangent and permittivity are important parameters for the design and 
operation of compact microwave devices [2,4].  
We have investigated the nonlinear surface impedance Zs(Irf) and IMD of epitaxial 
YBa2Cu3O7-x (YBCO) films of different oxygen deficiency x, using stripline resonators at ~2.3 GHz 
and temperatures 1.7-80 K. We have established clear correlations between the onset of nonlinear 
Rs, the dependence of the IMD power PIMD on Posc, and the oxygen content of the YBCO films. The 
results help to understand the nonlinear response theoretically, by pointing to quasiparticle scatte-
ring from defects and pair breaking. In addition, we have identified a nonlinear loss mechanism in 
MgO, which becomes prominent below about 20 K. This result may have important implications 
for the fabrication and use of MgO, which has become the substrate material of choice for HTS 
microwave applications.  
 
2. EXPERIMENTAL TECHNIQUE 
2.1 Film Preparation 
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The 350-nm-thick single-sided epitaxial YBCO films were electron-beam coevaporated at 690oC, 
close to the 1:2:3 cation stoichiometry, onto commercially available 1cm×1cm×0.5mm MgO sub-
strates [5,6]. The oxygenation level of the as-grown films was adjusted by sequential annealing in 
argon or plasma-activated oxygen, and characterised by DC magnetisation measurements of the 
critical temperature Tc and current density Jc. The doping level could be inferred from the quali-
tatively different dependences of Tc and Jc on the oxygen deficiency x. In addition, the c-axis lattice 
parameter was determined by the usual θ -2θ  X-ray scans. While the c-axis parameter depends on 
the substrate and film deposition technique, it has been found to be a reliable indicator of relative 
changes of the oxygenation level under otherwise unchanged deposition conditions [7]. The data 
obtained for nine YBCO films from three batches are summarised in table I. The films of each batch 
were deposited simultaneously in the same run, ensuring equivalent deposition and growth condi-
tions. The final oxygenation level of the films ranged from strongly underdoped (strongly reduced 
Tc, low Jc) to overdoped (moderately reduced Tc, high Jc). 
To separate dissipation losses in the superconductor from losses in the dielectric substrate, 
400-nm-thick Nb films were fabricated for reference measurements [3]. These films were 
magnetron sputtered at ambient temperature onto 2-inch-diameter MgO wafers [8] and sub-
sequently diced into 1cm×1cm pieces.  
 
2.2 Microwave Measurements 
After patterning the superconductor films into 150-µm-wide meander lines by wet chemical 
etching, they were clamped with two equivalent ground planes to form a stripline resonator [9]. The 
quality factor Q and resonant frequency were measured at the fundamental resonance f = ω/2π = 
2.27 GHz for input power levels Pin= −85 to +30 dBm. For the fixed geometry of the input and 
output coupling capacitors, this power range corresponds to electric fields between the center strip 
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and ground planes of Erf = 0.5 - 5×105 V/m, or to total microwave currents flowing along the 
superconducting strip of Irf = 3×10-6 - 3 A. 
The effective surface resistance derived from the unloaded quality factor comprises losses in 
the superconductor and the dielectric and is given by [2]: 
δtan×+= GRR seff ,            (1) 
where Rs is the surface resistance of the superconductor, tan δ the loss tangent of the dielectric, and 
G a geometry factor, which depends on the ratio of penetration depth to film thickness [9,10] and, 
hence, weakly on temperature (G ~ 0.8 Ω is typical for T < Tc/2). Changes of the effective reactance 
are similarly composed of changes of the penetration depth and dielectric permittivity [2]: 
ε
ε∆×+∆=∆ GXX seff ,           (2) 
where ∆Xs = µ0ω∆λ, λ is the temperature-dependent superconducting penetration depth and ε  the 
dielectric permittivity of the substrate. 
IMD measurements with a noise floor of −130 dBm were performed with two tones of equal 
input power, separated by 10 kHz. This frequency spacing approached the full width at half maxi-
mum of the resonance for the highest measured Q-values, but it is considered still narrow enough to 
provide a reliable qualitative picture of the IMD behaviour. More accurate modeling of the non-
linear response including the bandpass characteristic of the resonator is in progress. 
 
3. NONLINEAR MICROWAVE RESPONSE OF YBCO (T ≥ 20 K) 
3.1 Power Handling and Oxygenation Level 
Figure 1 compares the dependence of the surface resistance on the total RF current for three YBCO 
films with different oxygen deficiencies, all from batch #3, at two representative temperatures T = 
20 K and 50 K. The plots show how the onset for a current-dependent Rs moves to lower currents, 
and the steepness of Rs(Irf) increases, as the films become more oxygen deficient. The steep onset of 
the nonlinear response is displayed on logarithmic scales in panel b. This plot also illustrates the 
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high quality of the films studied. The surface resistance of, e.g., the overdoped film #3D at 20 K 
remains constant at Rs ~ 4 µΩ up to Irf ~ 1 A, which corresponds to a magnetic flux density of about 
30 mT. This value is only about a factor of 2.5 below the lower critical field expected for bulk 
YBCO with the RF currents flowing entirely within the Cu-O planes [2]. 
The RF current dependence of the surface reactance, ∆Xs(Irf), displayed qualitatively the 
same behaviour as the surface resistance, with the differential loss tangent r ≡ (∂Rs/∂Irf)/(∂Xs/∂Irf) 
approaching at high power constant values between about 1 and 3. The constancy of r indicates that 
both Rs and Xs follow the same functional dependence on Irf at sufficiently high power. 
 The observed correlation between oxygen deficiency and nonlinear surface impedance 
agrees with the common expectation that fully oxygenated films display superior electronic perfor-
mance, and has accordingly been speculated for some time. However, due to the complicated inter-
dependence of deposition technique, film morphology, and oxygenation level, it has neither been 
studied systematically nor observed until now. 
 
3.2 Scaling of the Power Handling, Critical RF Current 
In order to explore the nature of the nonlinear mechanism in greater detail, it is necessary to disting-
uish between qualitative changes of the Rs(Irf)-dependence brought about by different oxygenation 
levels, and mere changes of the current scales, on which the nonlinearities occur. For this purpose, 
Fig. 2 (a) shows typical Rs(Irf)-data for a set of temperatures. Figure 2 (b) shows the same data after 
re-scaling Irf at every temperature such that the scaled Rs(Irf*)-curves merged onto, say, the data for 
T = 20 K. The obvious success of this procedure demonstrates that the temperature dependence of 
the nonlinear Zs is caused by that of the scaling current alone. The data in Fig. 2 (b) are consistent 
with a quadratic current dependence, e.g., in form of: 
 )(),( 0 TRTIR srfs =  for Irf < I0, and 
 
2
0
0 1)(
)(),( 

 −×+=
TI
I
TRTIR rfsrfs α   for Irf ≥ I0,        (3) 
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where α is a constant and I0 defines the appropriate current scale. The two parts of Eq. (3) empha-
sise the existence of a threshold current, below which Rs(Irf) is constant. We note that at high 
currents Irf > I0 Eq. (3) is consistent with the simple quadratic approach Rs = R0 × (1 + bR×Irf2) used 
in previous work [11]. The current-scaling of the Rs(Irf)-dependences of all other samples listed in 
table I worked equally well, so that we can exclude functional changes of the Zs(Irf)-dependence for 
varying oxygen deficiency x.  
So far, the discussion has focussed on changes of the current scale relative to that at 20 K. 
To derive absolute values for the scaling current, one has to define an appropriate criterion. We 
have found the following, implicit, definition useful for both low and high-Tc superconductors [12]: 
)0(5.2)( 0 →×≡ rfscrits IRIR  .          (4) 
Using Icrit as a criterion for a critical RF current is more versatile than using I0 in Eq. (3). Equation 
(4) includes a possible variation of the surface resistance at low currents, Irf < I0, and combines the 
two parameters α and I0 into the single parameter Icrit. There are obviously more possibilities to 
define a characteristic current scale, which, however, will not alter the conclusions to be drawn. 
 Figure 3 displays the results for Icrit versus reduced temperature t ≡ T/Tc, for all films 
studied. The properties of the samples discussed so far provide insufficient information to relate the 
absolute Icrit(0)-values to the film preparation. However, almost all curves have in common a nearly 
linear temperature dependence of Icrit for T/Tc > 0.5. Such a behaviour is expected and was observed 
for various types of grain-boundary Josephson junctions, where the coupling between the supercon-
ducting electrodes is believed to occur via localized states [13,14]. However, in view of the high 
quality of the films (high Jc-values and good power handling), we don’t expect granular effects to 
be relevant in our samples. Another, more likely, explanation is based on the observation of a linear 
temperature dependence of the magnetic field at which flux penetrated a superconducting stripline 
[15]. We are thus led to speculate that the RF critical current Icrit could be related to the DC critical 
current density Jc. This is indeed the case, as illustrated in more detail in the following section. 
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3.3 Correlations between DC and RF nonlinearities 
The critical current density Jc is a key parameter to describe the nonlinear current-voltage characte-
ristics (IVC) of superconductors at DC or low frequencies. We have therefore examined our micro-
wave data for correlations between characteristic RF parameters and Jc. The first parameter con-
sidered is the critical RF current introduced by Eq. (4). The other two parameters are derived from 
our results for IMD as follows: 
1. The third-order intercept (TOI) quantifies the power level at which the extrapolated IMD 
signal equals the input power. To avoid complications related to the geometry of our resonators and 
the nonlinear compression of Pout(Pin), we have derived TOI-data from plotting the power measured 
at the two symmetric third-order IMD-sidebands, PIMD, versus output power at the fundamental 
tone, Pout. We note that Pout is proportional to the oscillating power. Under certain experimental 
conditions, the measured PIMD(Pout)-curves were not simple straight lines but displayed curvature 
(for an example, see Fig. 6 and related discussion in Sec. 4). The TOI was determined in such cases 
from the asymptotic behaviour of PIMD at high power levels (e.g., above –20 dBm in Fig. 6). TOI-
values could be derived graphically or numerically, according to the condition PIMD = Pout, using the 
entire set of IMD data, or just one point on the PIMD(Pout)-curve and the slope in that point. Both 
techniques yielded almost identical results (filled and open symbols in Fig. 4b), confirming the 
consistency of our analysis. If the IV-relation effective at microwave frequencies were described by 
a power series expansion, the TOI (in dBm) should scale logarithmically with the square of the 
characteristic current [2,16].  
2. The slope m of the PIMD(Pout)-curves, plotted on logarithmic scales, measures the expo-
nent of the functional dependence of PIMD on Pout, m = ∂ logPIMD / ∂ logPout. In case of a power-
series representation of the IVC, third-order effects like frequency intermodulation or harmonic 
generation lead to a constant slope, m = 3. 
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Figure 4 summarises our results for Icrit(50K), TOI(20K), and m(40K) versus the critical DC 
current density Jc(60K). The different temperatures at which these parameters were evaluated are 
due to experimental considerations. They do not affect our conclusions, especially since we don’t 
attempt a quantitative analysis of our results. The diagrams of Fig. 4 have two features in common: 
1. We observe clear correlations between all three RF parameters and Jc, indicating that the physical 
significance of Jc persists well into the microwave region. 2. The samples of batch #1 fall apart 
from the general trends. This important result proves that good RF performance and good DC 
performance are not equivalent. We attribute the out-of-sequence results for batch #1 to the diffe-
rent annealing parameters compared to those used for batches #2 and #3. The annealing tempera-
tures for the films of batch #1 remained below 400 oC, and the final oxygenation level was 
approached from the as-grown state. In contrast, the films of batches #2 and #3 were sequentially 
de- and re-oxygenated by annealing in argon and activated oxygen, at temperatures up to 540 oC. 
These differences certainly affect the density and homogeneity of oxygen vacancies, and hence the 
local variation of the superconducting order parameter. We are presently trying to reproduce the 
results for batch #1 with a new set of films, to achieve deeper insight into the mechanisms which 
are necessary to achieve good RF performance. 
While the Icrit-Jc-correlation (top panel of Fig. 4) conforms to our intuitive expectation, the 
TOI-Jc-correlation (middle panel) is quite surprising. The TOI, expressed in units of dBm, should 
depend on the logarithm of Jc, if the IV-relation were given by a power-series. This is in contrast 
with the linear dependence of the TOI on Jc we observe. Our result implies that a simple power-
series expansion with real coefficients is not sufficient to describe the nonlinear microwave 
response of HTS films. A possible solution of this dilemma is the assumption of an exponential IV-
dependence like Vrf(Irf) ∝ exp (Irf/Iscale), which could be associated with flux creep. However, such a 
speculation lacks theoretical justification at present. More sophisticated models of the IMD beha-
viour are also under development. 
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Another surprising result is the systematic variation of the slope m with Jc (bottom panel of 
Fig. 4), which indicates that the IMD slope decreases for increasing sample quality. Such a variation 
of m is, again, not compatible with a IV-relation given by a power-series. Furthermore, slopes m > 3 
seem to be possible (#3A and #3C), while the most strongly overdoped film #2C shows m ~ 2. A 
quadratic power dependence of PIMD was previously observed for TlBaCaCuO films [17]. Such a 
behaviour can result, theoretically, from a nonlinear surface impedance that depends on the 
modulus of the RF current, in sharp contrast to the quadratic behaviour discussed in Sec. 3.2 
[17,18]. The only physical mechanism known at present, which could lead to ∆Zs(Irf) ∝ Irf , is the 
Yip-Sauls regime of d-wave superconductors, which can be experimentally accessed only at very 
low temperatures [18]. The persistence of m < 3 up to such high temperatures like 40 K is presently 
not understood but definitely deserves further attention.  
 
4. NONLINEAR MICROWAVE RESPONSE OF MgO (T < 20 K) 
In Sec. 3, T = 20 K was the lowest temperature analysed. The reason for this choice is the occur-
rence of unexpected microwave properties below 20 K, which are associated with the nonlinear 
dielectric microwave impedance of MgO [3,19], 
 ( )δεε
µ tani1 21
0
0 +×=
r
dZ .           (5) 
As a consequence, the effective surface impedance Zeff, according to Eqs. (1) and (2), can no longer 
be identified with Zs of the superconductor, as in the previous section. Since our first observation 
and tentative interpretation in [3], we have refined our analysis and complemented by new results, 
as described in the following three subsections. 
 
4.1 Temperature Dependence  
Figure 5 summarises typical results for the temperature dependence of Zeff, measured for YBCO 
films on MgO. The different symbols represent the asymptotic behaviour observed at very low and 
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moderate power levels, respectively, as illustrated in more detail by the circles in Fig. 6. Reff(T) 
decreased at the higher power and approached 2 µΩ. Expecting Rs ≥ 1µΩ for high-quality epitaxial 
YBCO films [2], we estimate from the Reff(20K)-value an upper-limit for the loss tangent of about 
10-6, consistent with measured tan δ - data for MgO at 20 K [20,21]. At very low power, Reff(T) 
increased and became dominated by dielectric losses. This could be confirmed by the very similar 
temperature and power dependences of Reff for Nb on MgO (see [3] and Figs. 7-9 below). Such an 
agreement for the two totally different superconductors on MgO, and the absence of this nonlinear 
behaviour for other substrates like sapphire and LaAlO3, proves that our observations are caused by 
the dielectric response of MgO. Using Rs ∼ 2 µΩ for YBCO and the effective value, Reff ∼ 20 µΩ, 
we derive tanδ (1.7K) ≈ 2×10-5, which is about 20 times above tanδ (20K) (c.f., Fig. 7 (a)). 
 Complementary to the loss tangent, the dielectric permittivity, monitored by changes of the 
effective surface reactance ∆Xeff(T), displayed a shallow minimum at T ~ 5 K, but remained in-
dependent of power up to moderate power levels (Fig. 5 (b) and squares in Fig. 6). Reflecting again 
the growing influence of Zd(T) on Zeff(T) at low temperatures, the increase of ∆Xeff(T) in Fig. 5 can 
be entirely associated with the dielectric permittivity of MgO. Such an extremal behaviour must not 
be confused with anomalous effects in the cuprate superconductor, which could be misinterpreted, 
e.g., as an indication of Andreev bound states at interfaces in d-wave superconductors [22]. 
 
4.2 Power Dependence 
Figure 6 compares typical results for the power dependence of Reff, ∆Xeff, and PIMD at T = 5 K, here 
plotted versus input power. The Reff decreased markedly as Pin increased, for the given resonator 
geometry and coupling above –60 dBm, reached a plateau around –40 dBm, and increased again at 
around −10 dBm. The difference between the low-power value of Reff and its minimum increased 
strongly for decreasing temperature, in accordance with Fig. 5 (a). In contrast to the resistance, ∆Xeff 
was independent of power at low power and increased smoothly above −30 dBm. The increase of 
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Reff and ∆Xeff in the power range above –10 dBm is attributed to the nonlinear response of YBCO 
(Sec. 3). The IMD signal passed through a plateau in the region where Reff decreased, and rose 
again more steeply where both Xeff and Reff increased. It is worth noting that the frequency inter-
modulation, caused by the nonlinear loss tangent of MgO, is intimately related to Reff. This is 
qualitatively different from the IMD behaviour expected for the superconductor at high power or at 
T > 20 K, where PIMD is usually dominated by the nonlinear reactance. Obviously, the dielectric 
microwave impedance of MgO induces enhanced frequency intermodulation, which could strongly 
degrade the performance of microwave devices. 
 
4.3 Theoretical Description and Comparison between YBCO/MgO and Nb/MgO 
The unique temperature and power dependences of the dissipative and reactive response of 
MgO (Figs. 5 and 6) helped us to identify the underlying mechanism. Very similar features were 
observed for amorphous glasses and highly disordered crystalline solids in similar ranges of 
frequency and temperature [23,24]. The observed behaviour was attributed to tunneling of atoms or 
molecules between nearly equivalent positions in the solid. This scientific area is subject to ongoing 
experimental and theoretical research [25]. Nevertheless, many features can be understood in the 
framework of a simple quantum mechanical two-level system. Phenomenologically, this model has 
similarities with the double-well potential underlying the Debye equations for dielectric relaxation 
[3,26]. The major difference between the two models is the resonant character of the transitions in 
the former, in contrast to the relaxational character in the latter. Dielectric resonances of isolated 
defects usually occur in the sub-mm wave range or at even higher frequencies, but recent theoretical 
studies have shown that clustering of defects can reduce the resonant frequencies very strongly, so 
that they may even reach into the microwave range [27]. 
The temperature dependence of the loss tangent can be easily derived from Fermi’s golden 
rule. The temperature dependence of the dielectric permittivity, then, follows from that of tanδ 
through the Kramers-Kronig-relation, which requires additional information on the frequency range 
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over which resonances occur. Different results have to be expected for solids with rather dilute 
defects, where the resonances remain sharp and limited to a well-defined frequency interval, and for 
highly disordered systems. According to ref. [24], one gets 


××=
kT
hfnT d
r 2
tanhπ)(tan 2
0
µεεδ          (6) 
for the dielectric loss tangent at low intensities, and 
 


××−=∆
0
2
0
ln2)(
T
TnT d
rr
r µεεε
ε           (7) 
for the fractional change of the permittivity in highly disordered systems. In Eqs. (6) and (7), nd and 
µ describe the density and the electric dipole moment of the defects. 
The two-level model also explains in a natural way the anomalous power dependence, as 
resulting from saturation effects due to enhanced population of the higher energy level for increa-
sing intensity of the microwave field. To derive the power dependence of the complex permittivity 
requires a more sophisticated mathematical framework, which bears similarities with the Bloch-
equations for a spin-1/2-particle in a magnetic field [23]: 
2/1
0
1)0(tan)(tan
−



 +×=
S
S
S rfrf δδ ,          (8) 
where Srf denotes the intensity of the RF field, Srf ∝ Erf2, and the real part of the permittivity is 
independent of power. The threshold intensity S0 depends on µ but not on nd. It bears also 
information on the characteristic relaxation times of the excited defect states [24]. In ref. [3], the 
interpretation of the anomalous power dependence of tan δ in terms of a microwave field-dependent 
dielectric relaxation time was obviously oversimplified. Equation (8) provides a more accurate 
explanation, connecting the experimental data now with a microscopic mechanism. 
 We compare our experimental results with the theoretical expectation in Figs. 7 and 8. In 
Fig. 7 (a) we have plotted the difference between the two curves shown in Fig. 5 (a), normalised by 
G, versus the temperature function expected from Eq. (6). We have also included in this figure our 
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results for a Nb film on MgO (diamonds). Both data sets are consistent with the expected linear 
relationship. The similar slopes indicate very similar properties, ndµ2, of the MgO substrates, al-
though these were bought from different suppliers. Fig. 7 (b) shows the corresponding result for the 
fractional variation of εr expected from Eq. (7). The data derived for the YBCO film were not 
corrected for changes of the superconducting penetration depth, since λ(T) can be safely assumed to 
be constant below 20 K. The situation is different for Nb with Tc = 9.2 K, where we accounted for 
∆λ(T) according to BCS theory. As for the loss tangent, we find very similar results for both super-
conductors. The slopes in Figs. 7 (a) and 7 (b), which should differ for a highly disordered system 
by a factor of –π/2 ~ –1.6, differ by –5.5×10−4 / 6.5×10−5 ~ –8.5. The difference of a factor of ~ 5 is 
attributed to the nature of the defects in a highly crystalline material like MgO. 
 A typical measured power dependence of tanδ is compared with Eq. (8) in Fig. 8 for a 
YBCO film and a Nb film, both on MgO. The symbols represent the measured data, the curves 
denote the result of a single-parameter fit 
 
2/1
2
0
2
1)(
−



 +×∆+=
E
E
RRER rfeffsrfeff ,         (9) 
which is equivalent to Eq. (8). The parameters Rs and ∆Reff are given by the experimental data, 
while E0 can be varied within a narrow range to optimise the fit. The data in Fig. 8 indicate similar 
E0-values for the two types of films on MgO substrates used, which implies similar types of defects. 
The ∆Reff-values for Nb/MgO seem a bit higher than for YBCO/MgO, which could hint for a larger 
defect density in the substrate. 
 Finally, in Fig. 9, we summarise the temperature dependences of ∆Reff (panel a) and E0 
(panel b) for all samples studied. Figure 9 (a) illustrates the increase of the loss tangent for 
decreasing temperatures. All samples lead to comparably high and temperature dependent ∆Reff -
values, except for two films of batch #1 (C and D), and the as-grown film #3A. It is tempting to 
attribute this behaviour to the different annealing schedules (see discussion in Sec. 3.3), as these can 
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well change the density of defects in MgO. Possible candidate defects were identified in [19] to be 
OH−−ions, which can be released from grain boundaries upon heating. Further studies are planned 
to verify our assumption. 
 The temperature variation of E0 displayed in Fig. 9 (b) results mainly from the temperature 
dependent relaxation times of the defects in MgO. There is only one exceptional result among all 
others, namely for #1B. The reason for this peculiarity is not known at present. Complementary 
experiments like specific-heat measurements are required to extract more detailed information on 
the defect density and, in turn [24], the relaxation times of the defects in MgO that cause the 
nonlinearities. 
 
5. CONCLUSIONS 
We have investigated the nonlinear microwave properties of electron-beam coevaporated 
YBa2Cu3O7-x films on MgO of varying oxygen content, at 2.3 GHz and temperatures 1.7-80 K. 
Above 20 K, the nonlinear response of the resonators was dominated by the HTS films for both 
substrate materials. We have established clear correlations between the onset of nonlinear Rs, the 
dependence of PIMD on the oscillating power Posc, and the oxygen deficiency x of the YBCO films. 
With increasing x, the critical currents and third-order intercepts decreased, while the exponent of 
the power-law relation between PIMD and Posc increased from 2 to 3. This observation defines a 
route to optimise the linear response of HTS films for microwave applications. 
In MgO, at temperatures below 20 K, the dielectric loss tangent was found to dominate the 
nonlinear response of the resonators. The dissipation losses decreased with increasing power by up 
to one order of magnitude. This anomaly was accompanied by enhanced IMD. The surface reac-
tance passed through a shallow minimum at about 5 K, but remained independent of power. The 
results were very similar for all investigated YBaCuO films as well as for Nb films on MgO made 
for reference. We attribute these effects to resonant absorption by impurity states in MgO. While 
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proper identification of the impurities is lacking at present, OH−−ions are considered the most likely 
candidates, since they are greatly abundant in melt-fused MgO. 
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TABLES 
 
Table I. Overview of the YBaCuO films on MgO: Tc = critical temperature, Jc = critical current 
density at 60 K, ∆c = deviation of the c-axis lattice parameter from the value 1.16 nm. All but the 
as-grown films were post annealed, in successive steps, in argon or plasma-activated oxygen. The 
oxygenation level of the as-grown films was near optimum doping. 
 
Sample 
Batch / ID 
Tc 
(K) 
Jc(60K) 
(MA/cm2) 
∆c 
(pm) 
Oxygen 
doping level 
1B 90.45 2.67 11.5 as-grown 
1C 90.20 2.23 11.6 under 
1D 89.00 --- 10.3 ~ optimum 
2A 91.74 11.40 10.3 ~ optimum 
2B 90.68 5.82 12.5 under 
2C 84.18 10.40 8.6 over 
3A 90.54 2.40 13.4 as-grown 
3C 69.3 2.67 15.2 under 
3D 91.80 8.10 10.2 over 
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Fig. 1. RF-current dependence of Rs for the samples #3A (near optimum doping, diamonds), #3C 
(underdoped, circles), and #3D (overdoped, squares) at f = 2.27 GHz and T = 20 K (open symbols, 
dotted interpolation curves) and 50 K (full symbols, solid curves), using linear scales (panel a) and 
logarithmic scales (panel b, T = 20 K only). 
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Fig. 2. (a) RF-current dependence of Rs for sample #2B at f = 2.27 GHz and various temperatures as 
indicated (different symbols and interpolation curves). (b) Same data after scaling Irf such that all 
curves merge with the results for T = 20 K. The solid line represents the quadratic fit of Eq. (3). 
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Fig. 3. Critical RF-current versus reduced temperature at f = 2.3 GHz for all investigated YBCO 
films (for details see legend): batch #1 (squares), #2 (diamonds), #3 (circles); underdoped (dotted 
interpolation curves), near optimum doping (dashed), overdoped (solid). 
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Fig. 4. Correlation between the DC critical current density Jc(60K) and the RF critical current 
Icrit(50K) (panel a), high-power third-order intercept TOI(20K) (panel b), and high-power IMD 
slope (40K) (panel c) for the samples indicated. The TOI-data were determined numerically (filled 
symbols) and graphically (open symbols) as explained in Sec. 3.3. 
M. Hein et al., “Nonlinear microwave response of YBaCuO on MgO”, version of 03.07.2002, page 22 of 28 
100
101
102
1 10 100
ef
fe
ct
iv
e 
su
rf
ac
e 
re
si
st
an
ce
 R
ef
f (
µΩ
)
temperature T (K)
low power
(-60 dBm)
high power
(-20 dBm)
(a)
 
0
20
40
60
80
1 10
re
ac
ta
nc
e 
sh
ift
, ∆
X e
ff
 (µ
Ω)
temperature T (K)
(b)
 
 
Fig. 5. Typical data for the effective surface resistance (panel a) and shift of surface reactance 
(panel b) at 2.3 GHz for YBCO on MgO at temperatures below 20 K. The different symbols and 
interpolation curves denote extreme power levels, as described in the text. 
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Fig. 6. Typical power dependence of the effective surface resistance (circles, dashed interpolation), 
change of surface reactance (squares, dotted), and IMD signal (diamonds, solid) for YBCO on MgO 
(sample #2B) at f = 2.3 GHz and T = 5 K. 
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Fig. 7. Temperature dependent dielectric loss tangent (panel a) and permittivity (panel b) at f = 2.3 
GHz for YBCO on MgO (Pin=-60 dBm: triangles, dotted interpolation, Pin=-20 dBm: circles, solid) 
and Nb on MgO (various power levels: diamonds, dashed), as expected for resonant absorption. T0 
= 5.2 K. The ∆Xeff(T)-data for Nb were corrected for the temperature variation of the supercon-
ducting penetration depth according to the BCS theory (Tc = 9.2 K, ∆(0)/kTc = 1.8). 
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Fig. 8. Electric field-induced variation of the effective surface resistance for YBaCuO (circles) and 
Nb (diamonds) on MgO at f = 2.3 GHz and T = 5 K. The dashed and solid curves denote fits to Eq. 
(9). 
M. Hein et al., “Nonlinear microwave response of YBaCuO on MgO”, version of 03.07.2002, page 26 of 28 
0
5
10
15
20
25
30
0 5 10 15 20
3C
3D
3A
2B
2C
2A
1B
1C
1D
Nb
si
ze
 o
f a
no
m
al
y 
∆R
ef
f (
µΩ
)
temperature T (K)
(a)
101
102
103
104
105
100 101
2B
2C
2A
1B
1C
1D
3C
3D
3A
Nb
th
re
sh
ol
d 
fie
ld
 E
0 (
V
/m
)
temperature T (K)
(b)
 
Fig. 9. Temperature dependences of the fit parameters ∆Reff (panel a) and E0 (panel b) for the power 
dependent loss tangent of MgO at f = 2.3 GHz and T = 5 K for the samples indicated in the legends 
(symbols and interpolation curves). 
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